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Abstract 
Specifications in European countries include a variety of methods for determining the 
liquid limit based on Casagrande type devices and on the fall cone penetrometer. The 
results of a comparative study of the liquid limits determined using these two fall-cone 
methods are presented for lime stabilized soil. Soil material sampled in the area of 
Evros Regional Unit has been stabilized with lime in order to enhance its engineering 
characteristics. The soil and the soil-lime mixtures subjected in Atterberg limit testing. 
The liquid limit values were correlated through a linear regression analysis with the 
rest of the consistency limits of both the natural soil and its mixtures with various lime 
contents. The correlation coefficients in all cases were high, with those referring to 
results obtained by the Casagrande method to be dominant. The comparison of liquid 
limit values determined by either method showed that there is a systematically good 
correlation between them, with the decrease rate in function of the lime content in the 
mixture to be more intense in the case of the drop-cone procedure. There is a need for 
a universal specification for the determination of the consistency limits. 
Keywords: Atterberg limits, fall cone penetrometer, regression analysis, soil 
stabilization, additive material. 
Περίληψη 
Οι προδιαγραφές Ευρωπαϊκών κρατών περιλαμβάνουν ποικίλες μεθόδους για τον 
προσδιορισμό του ορίου υδαρότητας με συσκευές τύπου Casagrande και πενετρομέτρου 
πίπτοντος κώνου. Εδαφικό υλικό από την περιοχή της Περιφερειακής Ενότητας Έβρου 
σταθεροποιήθηκε με υδράσβεστο για να βελτιωθούν τα μηχανικά του χαρακτηριστικά. 
Παρουσιάζονται τα αποτελέσματα συγκριτικής μελέτης ορίων Atterberg που 
καθορίστηκαν με τις δύο μεθόδους. Οι τιμές του ορίου υδαρότητας συσχετίστηκαν μέσω 
γραμμικής παλινδρομικής ανάλυσης με τo όριο πλαστικότητας, το δείκτη πλαστικότητα 
και το όριο συρρίκνωσης, τόσο του φυσικού εδάφους όσο και των μιγμάτων του με 
διάφορα ποσοστά υδρασβέστου. Οι συντελεστές συσχέτισης σε όλες τις περιπτώσεις 
ήταν υψηλοί, με επικρατέστερους αυτούς που αφορούσαν αποτελέσματα της μεθόδου 
Casagrande. Η σύγκριση των τιμών του ορίου υδαρότητας οι οποίες καθορίστηκαν με 
τις δύο μεθόδους έδειξε ότι υπάρχει μια συστηματικά καλή συσχέτισή τους με την πτώση 
των τιμών συναρτήσει του ποσοστού υδρασβέστου στο μίγμα να είναι εντονότερη στην 
περίπτωση του κώνου. Υπάρχει ανάγκη για την τυποποίηση των οργάνων και 
εναρμόνιση της διαδικασίας προσδιορισμού των ορίων Atterberg διεθνώς. 
Λέξεις κλειδιά: όρια Atterberg, πενετρόμετρο πίπτοντος κώνου, παλινδρομική 
ανάλυση, σταθεροποίηση εδάφους, πρόσθετο υλικό. 
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1. Introduction 
The consistency limits (liquid limit, LL, plastic limit, PL and shrinkage limit, SL) are related to the 
amount of water attracted to the surface of the soil particles and are predominant factors for 
identifying and classifying a soil. Relatively simple methods have been proposed to determine the 
liquid limit; the most important are the Atterberg percussion or Casagrande (1932) method and the 
fall cone penetrometer method. The classical method is described by ASTM D-4318 and the fall 
cone method by BS 1337:2. This last method is becoming more popular due to different inherent 
weaknesses of the Atterberg method as many researchers -and Casagrande himself- (Casagrande 
1958) have discussed. 
In the fall cone method, liquid limit is the moisture content corresponding to a specified depth of 
penetration for a cone of known geometry and weight. Detailed examination of the potential of the 
fall cone method (Karlsson, 1961; Sherwood and Ryley, 1970; Campbell, 1975; Leroueil and Le 
Bihan; 1996; Farrell et al., 1997; Quintela et al., 2014) has lead to the suggestion that the cone 
method presents a more reliable and reproducible indirect measure of soil strength at liquid limit. 
A theoretical study of the fall cone test (Houlsby, 1982) considered various factors such as cone 
bluntness, cone roughness and deviations in the apex angle, and the basic conclusions drawn refer 
to (a) the significant effect the roughness of the cone has on the measured shear strength and (b) to 
an optimum angle of 52.6' for a smooth cone of fixed cross-sectional area to penetrate the surface of 
a cohesive soil. 
In an experimental work (Emami and Monfared, 2012) the effect of various fall cone parameters (ex. 
cone apex angle, diameter, overload, cone surface roughness) on Atterberg limits of both 
homogeneous and non-homogenous (layered) type soil samples has been investigated. The liquid 
limit of cohesive clayey silt as well as silty-clay soil samples were determined based on fall cone 
tests with four different cones with 30o and 60o apex angles, two different diameters and also 
different surface roughness. The results showed that the apex angle of cone may play a more 
important role in determining the LL of soil. 
The effect of clay content on the liquid limit has been studied by numerous researchers through the 
use of the fall cone and the Atterberg device (Nini, 2014). The use of a British cup had lead to the 
notice that soil samples with clay content lower than 50% exhibit fall-cone liquid limit values higher 
than those of the Atterberg cup (Budhu, 1985). The same tendency to the laboratory results is found 
in other researches as well (Sherwood and Ryley, 1970). 
Liquid and plastic limit are suggested as moisture contents determined at penetration depths of 20 
mm and 2.8 mm, respectively. When the fall cone penetrometer readings are used, then liquid and 
plastic limits, as well as plasticity index, are found leading to a considerable saving in testing time. 
This makes the method more precise than the standard one. The use of a cone penetrometer to 
determine not only the liquid limit, but also the plasticity index has been proposed (Belviso et al., 
1985). The plastic limit can then be obtained as the numerical difference between liquid limit and 
plasticity index. 
A wide range of soils in New Zealand were subjected to Atterberg limits tests and had shown a close 
correlation between the fall cone penetrometer method and standard methods (Allbrook, 1980). 
Investigators have shown that -at least with two types of fall cones- the differences between fall 
cone liquid limit values and cup liquid limit values were not large. Many countries have adopted the 
fall cone as a standard device. Therefore, it is very important to make a comparison between the 
values of both methods for geotechnical works. 
Aiming to contribute to the discussion about the differences and the relationships between the two 
conventional methods used to determine LL, a comparison and assessment of the liquid limit of a 
swelling soil from Thrace region, N. Greece, has been determined by Casagrande percussion cup 
and fall cone method. The procedure has been conducted by the same operator and the same 
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instruments in order to avoid possible discrepancies due to experience, manual skills, and practice 
of the operator or the sensitivity of the equipment. In order to minimize the factors involved in the 
testing, a single soil has been chosen. 
A suitable for road construction soil is required to exhibit reduced volume changes due to moisture 
variation. The plasticity index plays a basic role in that condition. Hence, every process reducing PI 
is beneficial. The stabilization of soils with the addition of substances such as lime contributes to 
this goal through the grain agglomeration and the formation of new crystalline compounds. The 
liquid limit values were also determined for soil-lime mixtures with various additive contents. 
2. Materials and Methods 
Dark grayish soil samples were collected for the laboratory investigation. The sampling area is 
located in a plain region of Northern Evros Regional Unit, near Orestiada. The local name of the 
site, where -after the removal of surface grass and lose soil- an excavation about 1 m deep has been 
made, is “Stachtes”. The grain size distribution of the selected clayey soil has been determined 
employing both the dry method (ASTM D-6913) and hydrometer analysis. The sieve analysis was 
performed in order to find the sandy and gravelly fractions. The hydrometer was used according to 
ASTM D-422 in order to determine the silt and clay fractions. By applying Stokes’ law, the silt and 
clay fractions were obtained. The grain size distribution of the soil is shown in Figure 1. 
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Figure 1 - Grain size distribution of the soil tested. 
The soil tested is classified as Group A-7-6 according to the AASHTO classification system, while, 
according to the Unified Classification System, is classified as CH. The suitability of such soils as 
subgrades in pavement construction is judged as fair to poor. The chemical properties of the soil 
tested are shown in Table 1. The silica oxide was the prevalent compound with a percentage 64.18%, 
while the aluminum oxide was also present in a high percentage. 
Lime used for the stabilization process was a common commercial lime supplied in bag-packing by 
a company located in Drama prefecture, Northern Greece. The chemical properties of the lime used 
are also shown in Table 1. The content of calcium oxide in lime was found to be 65.25% and the 
loss on ignition reached a value of 33.25%. 
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Table 1 - Chemical properties of soil and lime. 
 Soil Lime 
Loss on Ignition (%) 11.12 33.25 
SiO2  64.18 0.01 
Al2O3 13.50 0.01  
Fe2O3 4.57 0.11  
CaO 1.40 65.25  
MgO 1.16 0.50  
K2O 2.30 0.01  
Na2O 1.35 0.01  
The clay soil sampled in Evros Regional Unit had been air dried. Mixtures of the soil fraction passing 
the No. 40 sieve with lime had been prepared on the basis of additive percentages differing by 2% 
by soil weight from each other, starting from 2% and ending up to 10%. The mixtures were left to 
cure for about half an hour prior being tested. 
For all soil-lime admixtures the Atterberg limits were determined along with the linear shrinkage. 
The linear shrinkage was calculated using semicircular specimens having a length of 140 mm and 
12.5 mm radius in stainless steel moulds. Soil samples mixed with water up to the liquid limit value 
were placed in the moulds, according to BS 1377:Part 2:1990 specification. Their length was 
measured after 10 days in ambient air conditions. The ratio of the difference of the two 
measurements to the initial length yielded the value of linear shrinkage. 
In order to establish the liquid limit values of the soil and the soil-lime mixtures, the standard 
procedures described for the Atterberg limits in ASTM D 4318-10e1 were followed. LL determined 
with the fall cone method (BS 1377: Part 2: 1990) is the quantity of moisture where a standard cone 
freely falling for 5 sec after its release penetrates 20 mm in sample. 
The plasticity index (PI) is defined as the difference between the liquid and plasticity limits and is a 
value used for the recognition of soil characteristics and the proper soil classification. PI determines 
the suitability of soils to be used as subgrades in roadway foundations. 
3. Results and Discussion 
The liquid limit of the soil and its mixtures with various lime contents was found using the 
Casagrande and fall cone methods. The liquid limit values decreased with the addition of lime. The 
rate of change was more intense in the case of the cone method than when the Casagrande tests were 
performed. 
For the different additive contents, the LL values ranged in the intervals 77% to 56% and 75% to 
53% when the Casagrande and fall cone methods were used, respectively. The variation in Liquid 
Limit with the addition of lime in various proportions is shown in Figure 2. The rate of decrease was 
higher in the first step of lime admixture. After 2% lime added, the variation was milder in both 
cases. 
The plastic limit gradually increased from 31% to 47% with the addition of lime in percentages from 
2 to 10% per solid soil weight. The decrease in plasticity index values is mainly due to the decrease 
of LL values. 
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Figure 2 - Variation of Liquid Limit for different additive contents in soil-lime mixtures. 
The admixture of lime caused an increase in the plastic limit, while both the liquid limit and the 
plasticity index of the soils have been reduced. The immediate effect of lime addition to the soil is 
to cause flocculation and agglomeration of the clay particles due to cation exchange at the surface 
of the soil particles (Athanasopoulou, 2014). The result of this short-term reaction is to enhance 
workability and plasticity. 
The linear shrinkage values recorded showed a trend to be lower (19.7%, for the soil to 7.8% for 
10% by weight lime added) with the admixture of higher lime contents, leading to enhanced swelling 
characteristics. Lime significantly reduces the response of clay minerals to water as a result of the 
formation of crystalline compounds on their surface, as well as of lime intrusion in the areas between 
the layers; in such a way the swelling properties of the material are inhibited (Athanasopoulou and 
Kollaros, 2011; Saeed et al., 2013). 
The liquid limit values were correlated through a linear regression analysis with the rest of the 
consistency limits. The results shown in figures 3 to 5 present very good correlation coefficients, r, 
ranging from 0.92 to 0.99. The correlation of LL and PL, PI, and LS values depicted in figures 3, 4 
and 5 respectively could be expressed by the equations listed in Table 2. 
Table 2 - Equations for PL, PI, and LS correlated to LL. 
Indices Correlated Equation Correlation coefficient, r 
Fall cone method 
PL-LL  PL = -0,72 x LL + 82.84 0.94 
PI-LL PI = 1.72 x LL - 82.84 0.99 
LS-LL LS = 0.56 x LL - 20.18 0.92 
Casagrande 
PL-LL  PL= -0,76 x LL + 87.63 0.96 
PI-LL PI = 1.76 x LL - 87.63 0.99 
LS-LL LS = 0.60 x LL - 24.48 0.92 
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Figure 3 - Correlation of Liquid Limit and Plasticity Limit values. 
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Figure 4 - Correlation of Liquid Limit and Plasticity Index values. 
The plasticity index correlated to the liquid limit has lead to the higher correlation coefficients. The 
lower coefficient, r, has been recorded when the linear shrinkage was correlated to the liquid limit 
values. Better correlations of the liquid limit with all other properties have been recorded when the 
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LL had been found using the Casagrande percussion cup test method compared with those found 
with the fall cone procedure. 
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Figure 5 - Correlation of Liquid Limit and Linear Shrinkage values. 
3.1. Correlation of LLcup and LLcone 
Equations describing the relation of two kinds of liquid limit values (LLcup and LLcone corresponding 
to the Casagrande and fall cone tests) are summarized in Table 3. The reference for each equation is 
presented along with the range of LL values for each case. 
Table 3 - Proposed LLcone-LLcup equations. 
Equation LL range studied (%) Reference 
LLcone = 0.85 LLcup + 5.02 30-76 Karlsson (1961, 1977) 
LLcone = 0.95 LLcup + 0.95 30-72 Sherwood and Ryley (1970) 
LLcone = 0.97 LLcup + 1.60 20-100 Littleton and Farmilo (1977) 
LLcone = 0.94 LLcup + 0.97 38-55 Wires (1984) 
LLcone = 0.97 LLcup + 1.19 34-134 Belviso et al. (1985)  
LLcone = 0.67 LLcup + 15.46 30-550 Sivapullaiah and Sridharan (1985) 
LLcone = 1.01 LLcup + 4.92 27-110 Wasti (1987) 
LLcone = 0.86 LLcup + 6.34 30-74  Leroueil and Le Bihan (1996) 
LLcone = 0.86 LLcup + 4.55 31-86 Dragoni et al. (2008) 
LLcone = 0.90 LLcup + 6.04 30-105 Özer (2009) 
LLcone = 1.00 LLcup + 2.44 21-50  Fojtová et al. (2009) 
LLcone = 1.01 LLcup + 3.49 80-215 Grønbech et al. (2010) 
LLcone = 0.95 LLcup + 9.4 100-340 Grønbech et al. (2011) 
LLcone = 1.00 LLcup + 2.20 24-50  Di Matteo (2012) 
LLcone = 0.99 LLcup + 1.05 20-61 Spagnoli (2012) 
LLcone = 1.00 LLcup – 2.07 14-100 Bicalho et al. (2014) 
LLcone = 0.86 LLcup + 10.98 53-75 Current study (2016) 
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The Casagrande cup and fall cone tests do not produce the same results (Wasti, 1987; Prakash and 
Sridharan, 2006; Özer, 2009). In general, good agreement is observed for soils within an 
approximate range of 0%<LL<70%. Outside this range, the fall cone test produces consistently 
lower LL values (Verástegui-Flores and Di Emidio, 2014; Di Mateo et al., 2015). 
In the present research the LL values of a lime stabilized clayey soil found using the Casagrande 
type percussion cap machine and the fall cone methods have been compared. The relationship and 
difference between the LLcup and LLcone for the tested clay is shown in Figure 6 with liquid limit 
ranging from 53 to 77%. A straight line is easily fitted. The following statistical relationship is 
obtained between the two liquid limits: 
LLcone = 1.03 LLcup - 4.93 
The correlation of the two limits is very good, as it is denoted by the correlation factor of the fitting 
equation, r=0.99. 
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Figure 6 - Correlation of LL values estimated by the Casagrande and fall cone methods. 
4. Conclusions 
In highway construction mechanics, the classification of fine-grained soils is based on consistency 
as a fundamental parameter. Liquid limit and plastic limit are determined through the Casagrande 
test or the fall cone test and the hand rolling method, respectively. A serious shortcoming of these 
techniques is that they are characterized by low repeatability and are operator-dependent. More than 
a hundred years after Atterberg first described the consistency limits, his original definition could 
be reviewed and the mechanical interpretation of one of the most basic tests in soil mechanics has 
to be thoroughly studied and re-established towards the development of a universal specification 
and standardized equipment. 
This paper presents a comparison between the liquid limit values received from tests performed on 
soil samples using the Atterberg method and the fall cone penetrometer method. The comparison of 
the two limits is very good, as it is denoted by the correlation factor, r=0.98. 
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The study determined the different parameters of soil that affect the liquid limit values measured by 
both methods. 
The equations found in literature seem suitable for the prediction of liquid limit assessed by fall cone 
test and the experimental value achieved by Casagrande device. 
A high correlation was also found between the results of both methods for the lime stabilized soil 
specimens tested in this research work. In either case the LL decreased with the addition of lime. 
The reduction of the LL value. was higher with the fall cone method. 
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